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Our studies suggest that PS1/γ-secretase-dependent processing of the Reelin receptor ApoER2 inhibits Reelin expression and may regulate Reelin signaling.
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Alzheimer's disease (AD), the most common cause of dementia among the elderly, is characterized by the presence in the brain of senile plaques and neurofibrillary tangles.
The major component of the extracellular senile plaques is the β -amyloid protein (Aβ).
This small polypeptide is generated by processing of the larger transmembrane β -amyloid precursor protein (APP; 1,2), by the successive action of proteolytic enzymes known as secretases (3) . The intracellular neurofibrillary tangles are composed of paired helical filaments of the microtubule-associated protein tau, which is abnormally hyperphosphorylated (4).
Reelin is a large signaling protein which plays an important role in the adult brain, influencing neurotransmission and synaptic plasticity. Normal Reelin levels are essential for some forms of long-term memory (5) (6) (7) . Increasing evidence suggests that Reelin signaling is altered in the AD brain (8, 9) , but the pathophysiological significance and subsequent implications of these changes in the diseased brain remains unknown.
The Reelin signaling pathway is initiated by binding of Reelin to transmembrane lipoprotein-receptors, the apolipoprotein E receptor 2 (ApoER2) and/or the very-lowdensity liporeceptor (VLDLR) (10, 11) . Reelin receptors are also receptors for apolipoprotein E; which ApoE4 variant is the largest known genetic risk factor for lateonset sporadic AD (12) . Reelin binding induces the cleavage of Reelin receptors by the sequential processing of α -and γ -secretases which also process APP (13) (14) (15) . Binding of Reelin to its receptor relays the signal into the cell via the adapter Dab1 (Disabled-1;16-18). Reelin-dependent induction of Dab1 tyrosine phosphorylation triggers an intracellular kinase cascade, which ultimately inhibits glycogen synthase kinase-3β
(GSK-3β), preventing tau hyperphosphorylation (19) . Reelin and Dab1 have both been
shown to interact with APP (20) (21) (22) and influence its trafficking and processing (23-24).
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We have also recently demonstrated that Aβ alters Reelin expression in the AD brain (8) (9) .
In this study, we investigated if modulation of ApoER2, the major Reelin receptor in the brain, influences Reelin expression. We also studied the role of presenilin 1 (PS1), the active proteolytic component of the 
Western blotting
Reelin levels were determined as previously described (8 To detect ApoER2, brain and cell extracts were boiled for 7 min at 98ºC, and full length and C-terminal fragments of ApoER2 were resolved on 6% and 10% polyacrylamide gels respectively. A rabbit polyclonal antibody to ApoER2 (1:1000 dilution; Abcam, Cambridge, UK), raised to a synthetic peptide corresponding to amino acids 928-945 located near the C-terminus of ApoER2, was used to detect ApoER2 and C-terminal fragments. APP-CTF was analyzed by 10% Tris-tricine SDS-PAGE and detected with a polyclonal rabbit anti C-terminal antibody (1:5000 dilution; SigmaAldrich). Rabbit polyclonal antibodies anti-HA (1:3000 dilution), anti-myc (1:3000 dilution), (Sigma Aldrich), and mouse anti-GFP (1:3000 dilution; Abcam) were also used. Loading control was estimated using mouse α -tubulin (1:5000 dilution; SigmaAldrich). A polyclonal antibody against acetylated histone H2B (AcH2B; 1:5000 dilution) (generous gift of Dr. A. Barco) was used to characterize the nuclear fraction.
Individual Western blots were used for each antibody to avoid stripping of immunoblots and hence loss of signal. Immunoblots were developed with enhanced chemiluminescence (ECL) using SuperSignal (Pierce) in a Luminescent Image
Analyzer LAS-1000 Plus (Fujifilm, Tokyo, Japan). The intensity of the Reelin bands was measured by densitometry using the Science Lab Image Gauge v 4.0 software provided by Fujifilm.
Immunohistochemistry and immunocytochemistry
Reelin levels were determined as previously described (8 To detect ApoER2, brain and cell extracts were boiled for 7 min at 98ºC, and full length and C-terminal fragments of ApoER2 were resolved on 6% and 10% polyacrylamide gels respectively. A rabbit polyclonal antibody to ApoER2 (1:1000 dilution; Abcam, Cambridge, UK), raised to a synthetic peptide corresponding to amino acids 928-945 located near the C-terminus of ApoER2, was used to detect ApoER2 and C-terminal fragments. APP-CTF was analyzed by 10% Tris-tricine SDS-PAGE and detected with a polyclonal rabbit anti C-terminal antibody (1:5000 dilution; Sigma-Aldrich). Rabbit polyclonal antibodies anti-HA (1:3000 dilution), anti-myc (1:3000 dilution), (Sigma Aldrich), and mouse anti-GFP (1:3000 dilution; Abcam) were also used. Loading control was estimated using mouse α -tubulin (1:5000 dilution; SigmaAldrich). A polyclonal antibody against acetylated histone H2B (AcH2B; 1:5000 dilution) (generous gift of Dr. A. Barco) was used to characterize the nuclear fraction.
Individual Western blots were used for each antibody to avoid stripping of immunoblots (33), and mature and precursor forms (15, 34) . The levels of ApoER2 appear to be significantly increased in cortical extracts from PS1 cKO mice (~80% increase) compared with controls (Fig. 1A) . It is known that Reelin bound to ApoER2 induces subsequent ApoER2 cleavage by the sequential action of α -and γ -secretases (13, 15) . α -Secretase cleaves the ApoER2 extracellular domain generating a membrane bound C-terminal fragment (CTF) which subsequently acts as a substrate for γ -secretase. Consistent with a role of PS1 in the proteolysis of ApoER2, we found a significant accumulation of ApoER2-CTF in cortical extracts from PS1 cKO mice (~300% increase) compared with controls littermate animals (Fig. 1A) . Levels of ApoER2 in the cerebellum, a region in which PS1 is not silenced, did not differ between PS1 cKO mice and littermate controls (Fig. 1A) .
We next measured the levels of the ApoER2 ligand, Reelin, and found that fulllength Reelin (420 kDa) display a large increase in cortex of PS1 cKO mice (~200%), while N-terminal 310 kDa (~70%) and 180 kDa (~50%) Reelin fragments show moderate increase (Fig. 1B) . Reelin levels in the cerebellum were similar in PS1 cKO mice and controls (Fig. 1B) .
To assess whether increased Reelin levels are due to a higher number of cells expressing Reelin in PS1 cKO mice, we labelled tissue sections with a specific antibody against Reelin and counted the number of stained cells ( Fig. 2A) . Density of Reelin-positive cells was similar in the cortex of control and PS1 cKO mice (Fig. 2B ), indicating that differences in levels detected by Western blotting may be attributed to changes in the level of expression. A quantitative PCR assay was designed to determine whether changes in the Reelin protein corresponded to alterations in mRNA expression.
Reelin mRNA levels were significantly increased (~20%) in the cortices from the PS1 cKO mice compared to controls (p= 0.01; Fig. 2C ).
Inhibition of PS1/γ-secretase enhances Reelin levels in neuronal cells
The SH-SY5Y neuroblastoma cell line was used to determine if altered ApoER2 processing influences Reelin levels, and if this effect is mediated by γ -secretase. SH-SY5Y cells express significant levels of Reelin and PS1 (9, 35) , and have been used as cellular models of ApoER2 over-expression (36) . As previously mentioned, Reelin bound to ApoER2 induces subsequent ApoER2 cleavage by α -and γ -secretases. The CTF generates after α -secretase cleavage acts as a substrate for γ -secretase, which in turn yields an intracellular domain fragment (ICD) (for an illustrative scheme see Fig.   3A ). An ~25 kDa ApoER2-CTF fragment was observed in cell extracts from untransfected cells using a C-terminal ApoER2 antibody, in agreement with previous studies (Fig 3B) (13,15,29) . Endogenous ApoER2-ICD was not detected, probably due to its low levels and inherent instability (13) . To further characterize the banding pattern for the ApoER2 CTF and the expected ICD fragment, a chimeric ApoER2 protein expressing the transmembrane and cytoplasmic domains tagged to myc (ApoER2 CTFmyc) was over-expressed in SH-SY5Y cells. Another chimeric ApoER2 protein containing only the cytoplasmic domain tagged to HA (ApoER2 ICD-HA) was also expressed (28,29). Cell extracts were then analyzed by Western blotting. An anti-myc antibody detected the ApoER2-CTF-myc at 25 kDa. A faint band of ~18 kDa was also detected. This may correspond to an ICD-myc fragment resulting from processing of the longer ApoER2-CTF-myc. The specificity of the bands was confirmed by a C-terminal ApoER2 antibody (Fig. 3B ). An 18 kDa band was also detected by the anti-HA antibody and the anti-C-terminal ApoER2 antibody in extracts of cells over-expressing ApoER2 ICD-HA, corresponding with the expected size of an ApoER2-ICD fragment (Fig. 3B) .
Previous studies show a similar processing mechanism for both APP and ApoER2 (37) . The γ -secretase inhibitor DAPT has been demonstrated to reduce Aβ levels in vivo (38) . The efficiency of DAPT to inhibit γ -secretase activity was monitored by measuring the accumulation of APP-CTF in SH-SY5Y cells (Fig. 4A) . There was no cell death in cultures treated with 5 µM DAPT, as evaluated by the MTS assay (3 ±4% reduction, p= 0.7). Under identical conditions, treatment of the cells with DAPT inhibited γ -secretase-mediated processing of the ApoER2-CTF, resulting in increased levels of the endogenous 25 kDa ApoER2-CTF fragment (Fig. 4A) . Interestingly, the γ -secretase inhibitor induced an increase of cellular full-length Reelin levels (~40% increase, p= 0.003; Fig. 4B ); by contrast, the 180 kDa Reelin fragment was not changed (~20% decrease; p= 0.3; Fig. 4B ). Recent evidence indicates that this 180 kDa Reelin fragment is generated, at least in part, after interaction of full-length Reelin with ApoER2, initiating subsequent endocytosis and proteolysis (39) . Our results suggest that Reelin processing may depend on ApoER2 binding.
Modulation of ApoER2 expression in SH-SY5Y cells influences cellular Reelin expression
To study the effect of ApoER2 over-expression on endogenous Reelin levels, SH-SY5Y cells were transfected for 48 hours with full-length ApoER2-EGFP. ApoER2-EGFP was detected both intracellularly and at the plasma membrane (identified by staining with NCadherin, a plasma membrane protein; Fig. 5A ). Over-expression of ApoER2 leads to a significant decrease in secreted full-length Reelin measured in the culture medium (84 ±3%, decrease; Fig. 5B ). The 180 kDa Reelin N-terminal fragment which is generated by extra and intracellular proteolysis (39-43) was not decreased (Fig. 5B) , suggesting the increased levels of full-length Reelin is not dependent on the Reelin processing.
Anyhow, the influence of ApoER2 in Reelin expression is difficult to address by measuring Reelin protein levels alone, since increases in the ApoER2 protein will also result in an increased binding to Reelin, and subsequent processing.
We have shown that treatment of ApoER2 transfected SH-SY5Y cells with the γ -secretase inhibitor DAPT inhibits ApoER2-CTF processing ( Immunofluorescence labelling of emerine, a protein associated to the intranuclear lamina and located at the inner nuclear membrane (44), allowed us to examin the presence of ApoER2-EGFP at the internal side of the nuclear membrane and in the nuclear lamina (Fig. 6C) . Co-localization of ApoER2-EGFP and emerin is decreased in transfected cells treated with DAPT compared to controls (35 ±2% decrease, p= 0.01; Fig. 6C ). Western blotting and staining of cellular nuclear extracts with anti-GFP and anti-ApoER2 C-terminal antibodies confirm the presence of an ICD-EGFP in this fraction (Fig. 6D) . These results suggest that the ApoER2-ICD is translocated to the nucleus.
Quantitative PCR was used to determine whether increased ApoER2 levels, including the ApoER2-ICD, influences Reelin mRNA expression. Levels of the Reelin transcripts were significantly decreased (12 ±3%, p= 0.02) in ApoER2-EGFP overexpressing cells compared to controls (Fig. 7A) . Our data also indicate that the modulation of γ -secretase activity not only affects PS1-processing of ApoER2, but also Reelin levels. We also demonstrate an effect on Reelin transcription.
In PS1 cKO mice with decreased γ -secretase activity, levels of full-length Reelin are In conclusion, our studies suggest that PS1, a key enzyme in AD 
